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Abstract: Van der Waals heterostructures assembled from layers of 2D materials have attracted 
considerable interest due to their novel optical and electrical properties. Here we report a 
scattering-type scanning near field optical microscopy study of  hexagonal boron nitride on black 
phosphorous (h-BN/BP) heterostructures, demonstrating the first direct observation of in-plane 
anisotropic phonon polariton modes in vdW heterostructures. Strikingly, the measured in-plane 
optical anisotropy along armchair and zigzag crystal axes exceeds the ratio of refractive indices of 
BP in the x-y plane. We explain that this enhancement is due to the high confinement of the phonon 
polaritons in h-BN. We observe a maximum in-plane optical anisotropy of 𝛼𝑚𝑎𝑥 = 1.25 in the 
1405-1440 cm-1 frequency spectrum. These results provide new insights on the behavior of 
polaritons in vdW heterostructures, and the observed anisotropy enhancement paves the way to 
novel nanophotonic devices and to a new way to characterize optical anisotropy in thin films. 
Introduction  
Phonon polaritons due to the coupling of photons and optical phonons in polar dielectrics such as 
hexagonal boron nitride (h-BN) have attracted much interest in the two-dimensional (2D) materials 
research-field (1-10). Specifically, h-BN has light constituent elements which lead to strong 
phonon resonances at mid-infrared (mid-IR) frequencies (10). Such h-BN based polaritonic 
systems exhibit confinement of light below the diffraction limit (11), propagation with ultra-low 
losses (3), hyperbolic properties (5, 10-15), and tunable response by changing the thickness of the 
samples (10) at mid-IR wavelengths.  However, it is noteworthy that in the experiments performed 
so far, the substrates were optically isotropic. The effect of the substrate in-plane optical anisotropy 
(𝜀𝑥 ≠ 𝜀𝑦, where 𝜀𝑥 and 𝜀𝑦 are the relative permittivities along x and y axes) has not yet been 
investigated. It is therefore important to gain new insights on the interaction of polaritons with in-
plane optically anisotropic substrates. In this work, we report on a scattering-type scanning near 
field optical microscopy (s-SNOM) (16, 17) study of h-BN on black phosphorus (h-BN/BP) 
heterostructures, demonstrating the first direct observation of in-plane anisotropic phonon 
polariton waveguide modes supported by h-BN placed on BP, an in-plane anisotropic van der 
Waals (vdW) material (18-20). Remarkably, as explained later, the maximum anisotropy of the 
phonon polariton propagation along x and y axes of our heterostructure exceeds the anisotropy of 
the vdW layers used to create it.  
 
Results 
Our samples consist of a thin (40 nm) h-BN flake placed on BP on a SiO2/Si substrate and then 
patterned into disc shapes (see Supplementary Figures 1-3). Due to their rotational symmetry any 
anisotropy in the polariton propagation would be clearly visible. In addition, and for the same 
reason, no careful alignment is needed between the patterns and the BP optical axes at the stage of 
device fabrication (see Supplementary Method 1). The phonon polaritons in h-BN and optical 
properties of BP have been explored in several works (10, 21) and are briefly recalled here. h-BN 
(Figure 1a) is a uniaxial anisotropic (or birefringent) material characterized by an in-plane relative 
dielectric permittivity 𝜀⊥ (in the x and y directions of Figure 1a) different from the out-of-plane 
one 𝜀∥, (in the z direction). The polarization of the boron and nitrogen bond allows for the coupling 
of optical phonons with incident infrared light, resulting in phonon polaritons. Because the unit 
cell contains two atoms, there are three optical phonon modes, two in-plane (degenerate due to the 
in-plane isotropy of h-BN) with resonance at 1370 cm-1 and one out-of-plane, with lower resonance 
frequency 780 cm-1. The presence of the polaritons causes a negative permittivity in two different 
frequency bands, called reststrahlen bands, as shown in Figure 1b (first reststrahlen band, RS1: 
780-830 cm-1; second reststrahlen band, RS2: 1370-1610 cm-1) (7, 10). In the RS1 band, the 
relative out-of-plane permittivity, 𝜀∥, is negative, whereas in the RS2 band, considered in this work, 
the relative in-plane permittivity, 𝜀⊥, is negative.  As a result of these optical properties, h-BN 
supports highly confined guided transverse magnetic (TM) modes in these two bands (7, 10). It is 
instructive to recall the propagation of TM plane waves (i.e., p-polarized) in h-BN. In this uniaxial 
material, the dispersion reads: 
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where 𝑘⊥ and 𝑘∥ are the in-plane and out-of-plane component of the wavevector, 𝑘0 is the 
wavevector in vacuum at the frequency 𝜔 and c is the speed of light. Equation (1) is represented 
graphically in Figure 1c. The negative out-of-plane or in-plane permittivity in the reststrahlen 
bands enables the propagation of hyperbolic polaritons, which can have arbitrarily high 
wavevectors. This allows even thin flakes of h-BN to support an infinite number of guided modes 
theoretically (10). Unlike h-BN, BP is a non-polar dielectric and hence does not exhibit phonon 
polaritons. Whereas highly doped (or gated) BP supports plasmon polaritons (22), the undoped 
material used in this work does not (Table 1) and behaves as an anisotropic biaxial dielectric (with 
relative permittivities, 𝜀𝑥 ≠ 𝜀𝑦 ≠ 𝜀𝑧 , and 𝑛𝑥,𝑦,𝑧 = √𝜀𝑥,𝑦,𝑧). The puckered orthorhombic geometry 
of BP (18-20) results in in-plane optical anisotropy with crystal axes (armchair and zigzag) 
exhibiting different refractive indices (Figure 1d and 1e). The in-plane optical anisotropy is 
prominent in the entire optical spectrum of interest from ultraviolet to infrared (21-23), which 
allows the determination of the crystal axes using angle-resolved polarized Raman (ARPR) 
spectroscopy (24) (Supplementary Figure 1a,b). In addition, polarized light microscopy 
(Supplementary Figure 2) is used to identify the crystal axes of BP. Figure 1f illustrates the electric 
field lines of the excited fundamental guided phonon polariton mode supported by h-BN. Here, 
the field lines are influenced by the presence of BP and its in-plane anisotropy, which causes the 
in-plane guided polariton modes to be in-plane anisotropic as well. More precisely, for a constant 
illumination wavelength, the polaritons will propagate with different effective indices along 
different in-plane crystal axes of BP. Figure 1g qualitatively compares contour plot of dispersion 
relation at a given frequency of isotropic phonon polariton modes in h-BN to that of anisotropic 
phonon polariton modes in h-BN/BP heterostructure. The dispersion relation of anisotropic 
phonon polaritons in h-BN/BP heterostructure is approximated by an ellipse in the kx-ky plane as 
opposed to a circle for the case of isotropic phonon polaritons in h-BN (14). We then define the 
polariton anisotropy 𝛼 as: 
𝛼 =
𝑛𝑒𝑓𝑓,𝑥
𝑛𝑒𝑓𝑓,𝑦
 (2) 
where 𝑛𝑒𝑓𝑓,𝑥 and 𝑛𝑒𝑓𝑓,𝑦 are the effective indices of the guided polariton modes in the x (armchair) 
and y (zigzag) directions, respectively. Notably, the polariton anisotropy, 𝛼, defined with the 
effective indices of the modes in the h-BN/BP heterostructure, can be larger than the ratio (𝛼′) of 
the refractive indices of BP in the x-y plane: 
𝛼′ =
𝑛𝑥
𝑛𝑦
 (3) 
The guided modes in this heterostructure therefore exhibit an enhanced anisotropy with respect to 
BP alone. Figure 2a shows the effect of thickness of BP on the calculated (using Lumerical Mode 
Solutions) effective indices of the phonon polariton modes along the armchair and zigzag axes of 
BP. In the frequency spectrum 1405-1440 cm-1 there is a clear evidence of anisotropy in the phonon 
polariton propagation along the armchair and the zigzag axes given by the difference in their 
effective indices. The effective indices along both the armchair and the zigzag direction increase 
with frequency. 
 
Figure 2b demonstrates the in-plane anisotropy, 𝛼, of phonon polariton propagation in h-BN/BP 
heterostructures (Figure 2c). The dashed-purple line represents the ratio of refractive indices of BP 
in the x-y plane, 𝛼′. As mentioned earlier, there are wide spectral ranges where 𝛼 exceeds 𝛼′. This 
effect can be understood as follows: let us consider a polariton propagating along the zigzag 
direction, for a BP thickness such that polariton fields are partially inside BP. When propagation 
along the armchair axis is considered, the electric field (which is partially polarized along the 
wavevector) interacts with a higher permittivity which slows down the wave propagation. 
However, this also implies that the field is now more confined, i.e. a larger fraction of it is inside 
h-BN. This additional effect further reduces the phase velocity, enhancing the anisotropy. As 
shown in Figure 2b, for each frequency there is an optimum thickness of BP which maximizes the 
in-plane anisotropy. Similarly, for each thickness of BP, there is an optimum frequency which 
maximizes the in-plane optical anisotropy. In the large frequency limit (i.e., 1440 cm-1), the in-
plane optical anisotropy decreases with increasing thickness of BP.  
 
Figure 2d shows the electric field profile of h-BN on a SiO2/Si substrate where the electric field is 
mostly confined in h-BN and exponentially decays away from the h-BN surfaces in air and SiO2. 
The confinement of polariton mode in h-BN along x-y plane increases with increasing BP 
thickness (Figure 2e,g,i), which allows for weaker interaction with the in-plane anisotropic 
refractive indices of BP. For 40 nm BP, the polariton mode is less confined in h-BN which allows 
for a stronger interaction with BP and leads to a higher difference in phonon polariton propagation 
along armchair and zigzag crystal axes. Similarly, the dispersion behavior of anisotropy can be 
explained by the fact that mode confinement in h-BN, for a given thickness of BP, is a function of 
frequency where the modes are highly confined for larger frequencies (Figure 2a). Similarly, 
Figure 2f,h,j demonstrates the electric field profile along out-of-plane axis of the h-BN/BP 
heterostructure. 
 
In order to probe the fundamental guided mode of the anisotropic phonon polaritons in h-BN/BP 
heterostructure, we used s-SNOM which allows imaging of guided modes in the mid-IR spectrum. 
We used a quantum cascade laser (QCL) as a source focused by a parabolic mirror to a region of 
sample and to the probe (a PtIr-coated atomic force microscopy (AFM) tip). Scattering of the laser 
beam at the tip (diameter: ~20 nm) provides wavevector matching and excites the phonon polariton 
modes in h-BN (Figure 3a-c) in the RS2 band of h-BN. An interferometer and pseudo-heterodyne 
detection scheme are used to extract the amplitude and phase of the phonon polaritons in the h-
BN/BP heterostructure (16). The s-SNOM produces images which include both the amplitude and 
the phase of the scattered field at each pixel of the scan (raw scans are reported in Supplementary 
Figure 4), which can be obtained by using several of the harmonics of the pseudo-heterodyne 
detection. As explained in our previous works (6, 25), the complex-valued images are not a simple 
representation of the near fields of the structure, but rather they are a superposition of several 
contributions. Each contribution is associated to a particular path that the light can follow when 
interacting with the tip-sample system, and all the contributions are added together in the final 
detected image. The contributions as the final image, are represented by complex-valued images. 
For samples supporting no guided waves or standing resonances, only one path is relevant, which 
we call material contribution, and it is associated with the light path from the interferometer to the 
tip, which enhances light intensity on the material directly underneath it and then scatters it back 
to the interferometer (Figure 3a). This contribution is affected by the local material polarizability 
directly below the AFM tip.  
 
When guided waves are supported, other contributions are possible. However, no guided wave can 
be detected unless there is an edge or any other scatterer on the sample. In our case, the samples 
are discs, the edge of which allows the detection of guided waves. Two possible paths contribute 
to the detection of the guided modes in the sample, and they are associated to the roundtrip and 
direct contributions. In the roundtrip contribution, the tip couples the QCL light into the guided 
mode, which is reflected by the edge of the sample and then is scattered back to the detector by 
the tip (Figure 3b). In the direct contribution, the light from the QCL is scattered by the edge into 
the guided mode, and then the tip scatters it back to the detector (Figure 3c). Hence, from the raw 
images (Supplementary Figure 4), we first remove the material contribution and then we separate 
the direct and roundtrip components exploiting the rotational symmetry of the system, as 
explained in Supplementary Method 1 and Supplementary Figure 5.   
 
The roundtrip contribution is unaffected by possible misalignments  (see Supplementary Method 
1) of the laser beam with respect to the crystal axes of BP, and hence it is used for further analysis 
of the in-plane anisotropy of the polaritons in the h-BN/BP heterostructures (Figures 3 e-l). For a 
reference sample without BP (Supplementary Figure 5a), circular fringes are observed as expected 
from previous experiments (14). The presence of BP affects the phonon polaritons in h-BN and 
results in an anisotropic propagation given by the elliptical fringes with increased ellipticity 
towards the center of the disc. The orientation of the major and minor axes of ellipses represent 
the crystal axes of BP and matches that of the crystal axes measured using ARPR spectroscopy 
(Supplementary Figure 1a,b). Figure 3e-h shows the frequency dependence of the roundtrip 
contribution of the phonon polaritons in 40 nm h-BN/40 nm BP heterostructure, whereas Figure 
3i-l shows the frequency dependence of phonon polaritons in 40 nm h-BN/250 nm BP. Elliptical 
fringes are observed for both 40 nm and 250 nm BP heterostructures, and the effective indices can 
be extracted from the fringe spacing measured as illustrated in Figure 3d. More precisely, the 
spacing between fringes is half of the guided wavelength of the mode since the waves propagate 
back and forth along the distance from the tip to the edge. The increased ellipticity of the fringes 
towards the center can be represented by the expressions: 𝑎 =
𝑚𝜆𝑔,𝑥
2
 and 𝑏 =
𝑚𝜆𝑔,𝑦
2
 , where a and 
b are the distances from the first fringe (m = 0) to the mth fringe along x and y crystal axes, 
respectively, m is a positive integer, 𝜆𝑔,𝑥 and 𝜆𝑔,𝑦 are the guided polariton wavelengths along x 
and y crystal axes, respectively. The effective index increases with increasing frequency (Figure 
3m) as expected for phonon polaritons in h-BN. There is a good agreement between the calculated 
effective indices and the measured effective indices using s-SNOM near-field images despite no 
fit was used. Instead, we use a theoretical prediction, starting from the measured thickness of the 
sample and from calculated values of the refractive indices of BP in ref. 21.  
 
Thicker BP (in the semi-infinite limit) allows for a larger effective index, but the in-plane 
anisotropy is weaker. Hence, the heterostructure results in fringes with lower ellipticity away from 
the sample center. For 40 nm BP, the in-plane anisotropy peaks at 1420 cm-1 (Figure 3n). On the 
other hand, the anisotropy decreases monotonically with frequency for 250 nm BP. There is an 
excellent agreement between the calculated and the experimental in-plane anisotropy. The 
maximum possible anisotropy given by the ratio of refractive indices of BP in the x-y plane (21) 
is  𝛼′ = 1.13, but the calculated and experimental values show a much higher maximum 
anisotropy of 𝛼𝑚𝑎𝑥 = 1.25 for 40 nm BP at 1420 cm
-1. This confirms the in-plane anisotropy 
enhancement (and for the first time) in h-BN/BP heterostructure described above. Similarly, in-
plane anisotropy can be probed in the first reststrahlen band (RS1) of h-BN, but QCLs for this 
range is not available (6). We verified that rotating by 90 degrees the sample causes a rotation of 
the fringes orientation, as expected for an anisotropic sample (Supplementary Figure 5). Similar 
results are observed for all the harmonics of the pseudo-heterodyne detection used in our s-SNOM 
system (Supplementary Figure 6). 
 
Discussion 
We expect that the ability of engineering these deeply subwavelength modes will have important 
applications in mid-IR nanophotonics from probing the in-plane optical anisotropy of other vdW 
materials and heterostructures in mid-IR, which is clearly not available, to new approaches for 
designing vertically stacked heterostructures with extreme light confinement and tailored optical 
properties. For example, the heterostructure comprising of BP/h-BN/BP can lead to even higher 
in-plane optical anisotropy, up to 𝛼 = 1.5 (Figure S7). Furthermore, our study can be extended to 
other heterostructures which are electrostatically gated to tune in-plane optically anisotropic 
substrates such as BP and ReS2 (26) to result in tunable phonon polaritons supported by polar 
dielectric materials such as h-BN and SiC (16, 17), and tunable plasmon polaritons supported by 
graphene (27, 28). 
 
Materials and Methods 
Sample Fabrication: BP flakes are mechanically exfoliated on to a 300 nm SiO2/Si substrate in 
the Ar glovebox which has less than 0.1 ppm of O2 and H2O to preserve the flakes from 
deterioration. h-BN flakes are similarly exfoliated on the substrate. The thickness of flakes was 
confirmed with AFM (Park AFM). We used dry transfer technique with polymer (poly carbonate) 
and polydimethylsiloxane (PDMS) stamp to fabricate h-BN/BP heterostructures in the Ar 
glovebox. Substrates are then coated with poly (methyl methacrylate) (PMMA) 950(A6) and 
exposed with an electron beam system with a dose of 450 μC/cm2 using an accelerating voltage of 
30 kV. After developing in methyl isobutyl ketone (MIBK) for 1 minute, reactive ion etching (RIE) 
using a mixture of CHF3, Ar, and O2 at flow 10/5/2 sccm, respectively, and a RF generator at 30 
W for 3-6 minutes was subsequently used to shape the heterostructure into discs. After the etching 
process, PMMA was removed by acetone and rinsed with isopropyl alcohol (IPA) and dried with 
nitrogen. 
 
Angle-Resolved Polarized Raman Spectroscopy: Angle-resolved polarized Raman 
spectroscopy was performed using a 532 nm laser in the Horiba system. The power incident on 
BP was kept below 2.5 mW to avoid sample damage. Parallel polarization was used to collect the 
Raman signals. BP samples were rotated 360° about the microscope optical axis in 36 steps 
(10°/step). The grating number of detector was set as 1800 and spectral range from 300 to 500 
cm−1. The acquisition time was set as 10 s for 3 times accumulation to minimize the laser damage.  
 
Numerical Simulations: The 1-D solver (Lumerical Mode Solutions) with a mesh size of 1 nm 
was used to compute the fundamental mode profile and effective indices of the h-BN/BP vdW 
heterostructures for a range of frequencies in the RS2 band of h-BN. We calculated the effective 
indices for a range (30-250 nm) of thickness of BP with a given thickness of h-BN (40 nm). Here, 
h-BN was modeled as an anisotropic dielectric with its permittivity values obtained from the 
Lorentz model (6, 10, 25). Besides, BP was modeled as an anisotropic dielectric with its 
permittivity values obtained from Valagiannopoulos et al. (21).  
 
Scattering-type Scanning Near Field Optical Microscopy (s-SNOM): The near field scans were 
obtained using a commercially available s-SNOM from NeaSpec (www.neaspec.com) which is 
based on a tapping-mode AFM. Quantum Cascade Laser (QCL) was used as a tunable mid-IR 
source from Daylight Solutions (www.daylightsolutions.com). An IR beam from a QCL was 
focused on to a PtIr coated Si tip (diameter: ~20 nm) to launch the phonon polaritons modes. The 
back-scattered signal was demodulated at the higher harmonics (𝑛 ≥ 2), of the tapping frequency 
to reduce the background. Details of the separation of the direct, roundtrip and material contrast 
contributions are presented in the Supplementary Information. 
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 Figure 1. Anisotropic phonon polariton propagation in h-BN/BP heterostructure. (a) 
Schematic illustration of the crystal structure of hexagonal boron nitride (h-BN). A single layer is 
shown. (b) Relative permittivities of h-BN along different crystal axes showing hyperbolic 
behavior in two different frequency bands (highlighted in blue and red). (c) Schematic illustration 
of the hyperbolic dispersion relation of h-BN in the two different reststrahlen bands (RS1: 780-
830 cm-1, RS2: 1370-1610 cm-1). (d) Schematic illustration of the puckered orthorhombic crystal 
structure of black phosphorus (BP). A single layer is shown. In the in-plane anisotropic geometry 
of BP, the slow axis is along the armchair direction whereas the zigzag direction represents the 
fast axis. (e) Relative permittivities of biaxial anisotropic BP along different crystal axes (21). (f) 
Electric field profile of polaritons in h-BN/BP heterostructure placed on SiO2/Si substrate. The 
electric field lines here are due to coupling of mid-IR photons to in-plane optical phonons in the 
RS2 band of h-BN. (g) The presence of an in-plane anisotropic substrate such as BP affects the 
propagation of phonon polariton along armchair and zigzag crystal axes resulting in approximately 
elliptical dispersion relation in the kx-ky plane in comparison to a circular dispersion relation for h-
BN on SiO2/Si. 𝜆𝑔,𝑥 and 𝜆𝑔,𝑦  are the guided wavelengths of phonon polariton modes along x and 
y axes, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. Calculation of anisotropic dispersion relation of h-BN/BP heterostructure. (a) For 
a given thickness (40 nm) of h-BN, the effective indices of phonon polariton modes along both 
armchair and zigzag crystal axes of BP increase monotonically with thickness of BP and 
frequencies in the range 1405-1440 cm-1 due to increased mode confinement factor. (b) Calculated 
anisotropy values of the phonon polaritons for varying thickness of BP. For each frequency, there 
is an optimum thickness of BP which results in maximum anisotropy. Similarly, for each thickness 
of BP, there is an optimum frequency at which the anisotropy is maximum. The dashed-purple line 
represents the ratio of refractive indices of BP in the x-y plane. The calculated in-plane anisotropy 
of h-BN/BP heterostructure is larger (𝛼𝑚𝑎𝑥 = 1.25) than the ratio of refractive indices of BP in 
the x-y plane (𝛼′ = 1.13). (c) Schematic of h-BN/BP heterostructure used to calculate the effective 
indices in (a) and anisotropy in (b). For a fixed 40 nm thick h-BN, thickness of BP is varied 
between 30 and 250 nm. (d-j) Electric field profiles at 1420 cm-1. (d) Electric field profile with no 
BP. The mode is transverse magnetic (TM), and only the field component parallel to the 
propagation direction is plotted. Electric field is confined in h-BN demonstrating a guided 
polariton mode. The electric field intensity decays away from h-BN surfaces in air and SiO2. (e-f) 
Electric field profile with 40 nm BP representing calculated in-plane and out-of-plane field 
components, respectively. The electric field confinement along x (armchair) is larger than y 
(zigzag) implying anisotropic effective indices along x and y crystal axes of BP. (g-h) Electric field 
profile with 100 nm BP representing in-plane and out-of-plane field components, respectively. The 
electric field confinement along both x and y are comparable implying lower anisotropy in 
comparison to the case with 40 nm BP. Higher confinement with 100 nm BP also demonstrates 
larger effective indices compared to the case with 40 nm BP. (i-j) Electric field profile with 250 
nm BP representing in-plane and out-of-plane field components, respectively. Like the case with 
100 nm BP, the electric field confinement along both x and y are comparable implying lower 
anisotropy in comparison to the case with 40 nm BP. Higher confinement in (i-j) also demonstrates 
larger effective indices compared to the case with 40 and 100 nm BP. 
 
 
 
 
 Figure 3. Anisotropic dispersion relation of h-BN/BP heterostructure discs. (a) Schematic 
illustration of material contribution. The incident IR beam goes to the tip, which focuses light on 
the material directly underneath and then scatters it back to the interferometer. (b) Schematic 
illustration of roundtrip contribution. The incident IR beam scatters off of the AFM tip, gets 
reflected from the edge of h-BN/BP heterostructure, and gets scattered again off of the AFM tip to 
the interferometer resulting in a round trip of the phonon polariton mode. (c) Schematic illustration 
of direct contribution. In this case the incident IR beam gets coupled to phonon polariton mode at 
the edge of the h-BN/BP heterostructure and scatters off of the AFM tip to the interferometer. (d) 
Mathematical representation of the elliptical fringes of the roundtrip contribution in presence of 
BP. a and b represent the distance from m = 0 fringe to mth fringe along the major and minor axes 
of the mth ellipse, respectively. Anisotropy (𝛼) is given by 𝛼 =
𝑏
𝑎
. Ellipticity of the fringe increases 
with m. (e-h) Real parts of roundtrip contribution of s-SNOM image in Figure S3b for 40 nm h-
BN/40 nm BP heterostructure at varying frequencies. Dashed-red circle in (e) represents 0th (m = 
0) fringe and the dashed-red ellipse represents 2nd (m = 2) fringe. a and b are the distances from 
the 0th fringe to the major and minor axes of the 2nd fringe, respectively. Arrow represents the 
direction of the electric field of the illuminating beam. (i-l) Real parts of roundtrip contribution of 
s-SNOM image in Figure S3d for 40 nm h-BN/250 nm BP heterostructure at varying frequencies. 
Number of fringes in the h-BN/BP disc increases with frequency implying increased confinement 
of the phonon polaritons in h-BN/BP heterostructure. At a given frequency, the mode confinement 
is larger for thicker BP. (m) Effective indices in both 40 nm h-BN/40 nm BP and 40 nm h-BN/250 
nm BP heterostructures increases with increasing frequencies implying higher mode confinement 
as evident in (e-l). Mode confinement is higher for thicker BP which demonstrates the substrate’s 
thickness dependent confinement. On the other hand, the effective indices along armchair axis are 
larger than the zigzag axis for both the heterostructures. The effective index contrast is lower for 
40 nm h-BN/250 nm BP heterostructure implying a lower anisotropy in comparison to 40 nm h-
BN/40 nm BP heterostructure. There is an excellent agreement between theory and experiments 
without the need of fitting any of the parameters of the structure. (n) Anisotropy (𝛼 =
𝑏
𝑎
) of the 
phonon polaritons at varying frequencies. In the frequency range 1405-1440 cm-1, the anisotropy 
monotonically decreases for 40 nm h-BN/250 nm BP heterostructure. The anisotropy is lower in 
comparison to the ratio of refractive indices of BP in the x-y plane shown by dashed-purple line. 
Notably, the anisotropy of 40 nm h-BN/40 nm BP heterostructure peaks at 1420 cm-1 with a 
maximum value of 𝛼𝑚𝑎𝑥 = 1.25. The anisotropy values are much higher in comparison to the 
ratio of refractive indices of BP in the x-y plane, i.e., 𝛼𝑚𝑎𝑥 > 𝛼′. Thus, the phonon polaritons in 
h-BN act as a means of enhancing the in-plane optical anisotropy of h-BN/BP heterostructures. 
Scale bars are 2 𝜇𝑚. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 1. Overview and spectral ranges in which different types of polaritons exist in h-BN, BP 
and their heterostructure. 
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Supplementary Method 1: Separation of s-SNOM contributions 
 
 
In a sample with an arbitrary shape, the complex contributions cannot be separated easily, but given 
the circular symmetry of the sample, they can be separated in the following way. First, the material 
contribution is constant over the disc, and changes when scanning the substrate outside the disc. 
Hence it can be retrieved by taking an average of the complex image in an area inside the disc. In 
fact, the fringes are averaged out, and the mean complex value is the value of the material 
contribution of the disc. The obtained complex value is subtracted from the complex image, and 
this allows to better distinguish the polaritons in the disc. After the subtraction, the substrate area 
around the disc takes values much higher than the polariton contributions, so it is set to zero in the 
images in the paper by masking all the points outside the circle.  
 
The remaining complex-valued fields are the summation of the direct and the roundtrip 
contributions. The direct contribution is a map of the actual fields that are launched by the edges 
upon illumination (except for a phase distortion due to scanning explained in ref. 6). Because the 
mode is transverse magnetic, only the portions of the edge which are orthogonal to the incident 
polarization will launch the mode efficiently. For example, if the incident light is p-polarized, only 
the top and bottom part (with respect to the illumination direction) of the edge will launch the 
mode. In addition, these two segments will launch the modes with opposite phases. Therefore, the 
direct contribution has an odd symmetry with respect to a 180° rotation of the image. On the 
contrary, the roundtrip contribution has an even symmetry with respect to the same transformation. 
This is because the sample itself is invariant with respect to a 180° rotation and the roundtrip 
contribution does not depend on the incident polarization, but only on the position of the tip relative 
to the sample. Hence, to separate the two contributions, the image is first rotated by 180° and then 
the original and the rotated images are summed together to obtain the roundtrip contribution. 
Similarly, their subtraction gives the direct contribution. 
 
The use of the roundtrip contribution for our measurement has several advantages. First, it is not 
affected by the relative orientation of the light polarization and the axis of BP. On the contrary, 
the direct contribution is sensitive, and any misalignment leads to the spiral pattern shown in the 
main paper, which is of difficult interpretation. Second, the intensity of the roundtrip contribution 
decays faster with increasing distance from the edge, also allowing for an easier interpretation of 
the fringes. Last, the direct contribution phase is affected by the inclination of the incident wave, 
which requires a correction (6). The roundtrip contribution suffers from no such effect. 
 
Finally, it is important to notice that the separation approach described above works assuming that 
the sample has a perfect circular symmetry, so in practice the irregularities in the actual sample 
might slightly distort the two reconstructed contributions. However, the excellent match with the 
theoretical predictions indicates that this effect is negligible here.  
  
 Figure S1. (a) Optical image of h-BN/BP heterostructures on SiO2/Si substrate. (b) Armchair and 
zigzag crystal axes are determined using angle-resolved polarized Raman (ARPR) spectroscopy. 
Intensities of Ag2 along 2𝜋 rotation is represented in the polar plot. Intensities along 30° and 210° 
are the highest, representing the fast axis, i.e., armchair orientation. Similarly, Ag2 intensities along 
120° and 300° are lowest implying the other crystal axis, i.e., zigzag orientation. Scale bar is 10 
𝜇𝑚. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure S2. (a-e) Optical images (in reflection mode) of h-BN/BP heterostructure discs on SiO2/Si 
substrate patterned using EBL. Cross-polarization method is used for determining the crystal axes 
of BP. In (a-b) the sample is oriented in such a way that one of the crystal axes is parallel to the 
polarization of light through the polarizer. With no cross-polarizer (a) in the system, the optical 
image is brighter and darkens when the cross-polarizer is present (b). Similarly, when the sample 
is rotated by ~90° (c-d), the other crystal axis is now parallel to the polarization of light through 
the polarizer and the optical image darkens (d). With the crystal axes at an angle with the 
polarization of light through the polarizer, the h-BN/BP heterostructures are partially reflective 
and therefore brighter in presence of a cross-polarizer (e). Scale bars are 20 𝜇𝑚. 
 
 
 
 
 
 
 
 
 
 
 Figure S3. AFM images of (a) 50 nm h-BN on SiO2/Si (b) 40 nm h-BN/40 nm BP 
heterostructure on SiO2/Si (c) 40 nm h-BN/40 nm BP heterostructure on SiO2/Si rotated by 90° 
(d) 40 nm h-BN/250 nm BP heterostructure on SiO2/Si. Scale bars are 2 𝜇𝑚. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure S4. Amplitude (a) and phase (b) of raw near field scan obtained from s-SNOM. These raw 
images are thereupon used to extract the direct and roundtrip contributions to further analyze the 
data. In (a), arrow represents the direction of the electric field of the illuminating beam. Scale bars 
are 2 𝜇𝑚. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure S5. (a-d) s-SNOM images at 1420 cm-1 after removal of material contribution (see 
Supplementary Method 1) of (a) 50 nm h-BN on SiO2/Si (b) 40 nm h-BN/40 nm BP on SiO2/Si 
(c) 40 nm h-BN/40 nm BP on SiO2/Si rotated by 90° (d) 40 nm h-BN/250 nm BP on SiO2/Si. In 
(a) the fringes are circular as expected for the phonon polariton propagation along an isotropic 
substrate, i.e., SiO2, but the fringes become approximately elliptical for the cases of (b-d) in 
presence of BP. The anisotropy is invariant with rotation of sample by 90° as evident from (b-c) 
and decreases with increasing thickness of BP in (d). However, 40 nm h-BN/250 nm BP results in 
high confinement of phonon polaritons given by increased number of fringes within the disc in 
comparison to the cases in (a-c). Arrow in (a) represents the direction of the electric field of the 
illuminating beam. (e) Real part of the roundtrip contribution shows elliptical fringes with 
increased ellipticity of the fringes towards the center of h-BN/BP heterostructure. (f) Phase part of 
the roundtrip contribution exhibiting elliptical fringes as shown for real part in (e). (g-h) Real and 
phase parts of direct contribution of s-SNOM image in (b), respectively. Such spiral fringes can 
arise from multiple factors such as rough edges of the h-BN/BP heterostructure. (i-l) Fast Fourier 
Transform (FFT) images of s-SNOM images in (a-d) showing a circle for h-BN on SiO2, ellipse 
for (b), 90° rotated ellipse for (c), and negligible ellipticity for (d). The FFT images show both the 
roundtrip and direct contributions given by outer and inner circle/ellipse, respectively. Scale bars 
are 2 𝜇𝑚. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure S6. s-SNOM images of the real part of the roundtrip contribution at different pseudo-
heterodyne harmonics. Lower harmonics (a-c), i.e., 𝑛 ≤ 3,  have stronger near-field signals 
whereas, the signals are weaker for higher harmonics (d), i.e., 𝑛 ≥ 4. The fringe contrast, however, 
is maximized for the third harmonic. In (a), arrow represents the direction of the electric field of 
the illuminating beam. Scale bars are 2 𝜇𝑚. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure S7. (a) Schematic illustration of BP/h-BN/BP heterostructure. (b) Calculated in-plane 
anisotropy values of the phonon polaritons for varying thickness of BP in BP/h-BN/BP 
heterostructure. The dashed-purple line represents the ratio of refractive indices of BP in the x-y 
plane. The calculated in-plane anisotropy of BP/h-BN/BP heterostructure can reach up to 𝛼𝑚𝑎𝑥 =
1.5.  
 
